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Overview (I)

+» Power Semiconductor Switches?

POWER SEI\/I;CONDUCTOR SWITCHING DEVICE
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Leaded ’

Surface Mount

e
Hie

Capsule

SEMITRANS™
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IPACK®

Fast
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o MHE HiE N AKXl 2 Al
i A
= Off state : MYUYH 30, FEHR HE A
= On&->0ff : AQH A|Zto] B2 2
= AQX| 7S E2IO|He| /7 FSHEHO| M1, 7HEHSIH, MElE JAS A

K/

“ HEHE YN 22AX2 2R/
= Uncontrollable device : Diode
= Controlled turn-on and Uncontrolled turn-off device : SCR Thyristor
= Controllable device : GTO, Power BJT, MOSFET, IGBT...
= Unipolar voltage-blocking device : Diode, BJT, MOSFET...

= Unipolar voltage-blocking device : SCR, GTO, IGBT...

= Unidirectional current-flow device : Diode, GTO, BJT, MOSFET, IGBT...

(S sunkyBitissstinoakrteranscEiRn.fevige - TRIAC
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Overview (III)

+»» Ideal Switch vs. Practical Switch

= O| AFX{ Ol AQ|X]| (Ideal switch)
* On-state: V,=0;-0<i, <o
« Off-state: i;=0; —co<V,; <o
 Switching behavior :
no conversion of energy during

active turn-on/off

» AT A2|X| (Practical switch)
* On-state : V, #0; —oo <y <oo (limited)
« Off-state : i; #0; —oo <V, < oo (limited)
 Switching behavior :
Exist conversion of energy

during active turn-on/off

6 Sungkyunkwan Univ., Energy Mechatronics Lab. —
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Figure 2-6 Generic-switch switching characteristics (linearized): (@) simplified clamped-
inductive-switching circuit, (5) switch waveforms, (c) instantaneous switch power loss.



Diode (I)

o Mg
‘o « Uncontrollable device
A K , .
O > o) * PN junction structure
+ up ~
o EMTZM
ip
A
IF
ip
Vraled l
= 1)
o Ve() b
Reverse -
blocking
region
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% Datasheet (example)

Voo YeR lpppg = 175 A (maximum value for continuous operation)
Y i lpg, =100 A (sin. 180, T = 85 °C)
400 400 SkKD 100/04 SkMD 100004
900 aon SkKD 100/08 SkMD 100008
1300 1200 SKKD 100412
1500 1400 SKKD 100414 SkMD 100014
1700 1600 SKKD 100/ 6 SkMD 100016
1900 1800 SKKD 100118
Symbaol Conditions Yalues Lnits
(Y sin 1800 T =85{100) "C 100 (BT) A
Ip F3Mem T, =45 °C: B2/ Bk T3argl A
P3MEOF; T, =35 °C; B2 i BE 15011590 A
[ T“j=25 “C;10ms 2500 A
Tw.=125 10 ms 2000 A
ks Tw.=25 ¢33 10ms 31250 Azg
T“j=125 “Coe3 .. 10ms 20000 A
Ve T“j=25 °C;IF=SDUA max. 1,35 W
V(Toj Tw.=125 C max. 0,85 W
fr Tw.=125 [ max 1,3 mao
IRD T“j=125 C;VRD=VRRM max. a mA
Rth(j_c) per diode / per module 02570175 L)
Rth(‘}sj per diode / per module 0,2r0,1 Ky
Tvi -40 .. +125 “C
TStg 40 . +125 “C
Visol a.c.80Hz rms,; 1571 min. 36007¥ 3000 iy
MS to heatsink 5115 % Mm
M, o terminals 3Ix18% Mm
a 579,81 mis?
m aAPprow. 85 g
Case SKkD A0
SKMD A3




0:0 %*01 ’:’ %_%
= Reverse recovery » General purpose diode
(rectifier diode)
ip
= Zener diode
tp —> .
0 Z -t = Fast recovery diode
= Ultra fast diode
_IRM

Shottky diode
= LED
Photo diode...

- Fast-recovery diodes have a small reverse-recovery time

- Using fast switching frequency in case of dc-dc converter

BDIXYS
Fast Recovery DSEI2x 61 Iy = 2x7T1A

il D Veew = 200V S o - =2
Epitaxial Diode (FRED) t:m - 200V 28 EOI: (9 _6_1T)
Vism Verw Type o—|—>|—'-__ _____ _‘—o 2;' BL:;:;T-ZN ®
\ v J :
200 200 DSEI 2x 61-02A 0_[____’_':_" & 'f“'-:

§
p==
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- M8
A
o
;,,l
v
o FUag
[EE—— _
ig
o
K
’ EBE= o
<~ 5854
ia
+I.
Ravarse
bﬂ';wl ol blocking —s=
b—-—b-
Raverse
breakdown
voltage

Thyristor (I)

Current controlled device
Low switching frequency
Uncontrollable gate turn off

High volt. and curr. capab.

% Datasheet (example)

- 2EIM 2 (Holding current) — (IH)

 §X|™ & (Latching current) - (IL)

* Turn-on H|O{ 8t 7}
On-state

Off-to—on
if i pulse is
appliad

L J

LTy

| On-state

‘\oﬁ-m-cn

Reversa
blocking

Sungkyunkwan Univ., Energy Mechatronics Lab.

blocking

Yeou Yerm YoM lramg = 190 A (maximum value for continuous aperation)
W W lrany= 95 AN 180, T = 85°C)
500 g00 SKKT 92/08E SKKT 92B08BE SkKH 92/08E
1300 1200 SKKT 9211 2E SKKT 82B12E SkKH 82/13E
1800 1400 SKIKT 92/14E SKKT 92B14E SkKH 92114E
1700 1600 SKKT 92/16E SKKT 82B16E SkKH 92116E
1800 1800 SKKT 92/18E SKKT 82B18E SkKH 82/18E
Symbol Conditions values Linits
I g sin. 180, T_=85 (100} °C; 95 (68} A
I P3!1BD;TE:45°C;EIEIEIE 70785 A
P3I1BDF;T3:35°C; B2 /BB 1401175 A
lams P31B0F; T, =35 7C0W1 W3 190537135 A
lram TU].: 257C; 10 ms 2000 A
TUJ.=125°C;1Ums 1750 A
i Tuj= 25°C; 8,3 .. 10ms 20000 Azg
ij: 126°C; 83 . 10ms 14000 Azg
Vo Tuj=25°0; I =300A max. 1,65 W
VT(TD) ij: 125°C max 0,9 W
T T,;=125 °C max. 2 ma
lopi lrp TUJ.:125 OC;VRD:VRRM;VDD:VDRM max. 20 mA
tgd Tw': 287CH =1 A difdt=1 Alus 1 ps
tgr Vo = 067 * Voo, 2 ps
(difdty | Tw': 126°C ma. 150 Alus
(dwidf) TU].: 125°C max. 1000 Wips
tCI ij= 126°C, 100 [Tk
ly Tuj= 25°C; typ. F mas 1401250 ma
I TVJ.:25°C;RG:33 Sty f 3007600 ma
Ver Tuj= 2570 de. frin. 3 W
I<5T ij: 25°C; d.e. min. 150 ma
Vep TUJ.= 1257, de. may. 0,25 W
lep TUJ.: 125°C; doc. max. B mA
Rthfj-cj cont.; per thyristor f per module 0,2a8/014 v
Rth(j_c) sin. 180; per thyristar f per module 035014 KRN
Rthﬁ_c) rec. 120; per thyristar f per module 0,327/018 kv
Rthws) per thyristar f per module 02501 KM
ij -40 ..+ 125 °C
TSlg -40 .. +1258 °C




e
00—!—
O Tl

+V

= SCR (Silicon Controlled Rectifier)

e Thyristor
« GTO (Gate Turn Off Thyristor)
« TRAIC...

» ggLof

= Controlled rectifier
= AC/DC Motor drive

= Phase control...

e Turn-on = : V>0 8&& i;>0
T

A : V<0

e Turn-off

6 Sungkyunkwan Univ., Energy Mechatronics Lab.
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Power BJT (I)

c * Current controlled device

« Low switching freq. capability

 High voltage and current capability

KCL : ig=ig+ i¢

KVL : Veg= Veg + Vg
IB:0 y,
. — > Vee
. 0.7v Veemax)
: Used Commonly i the paSt Saturation Active region Breakdown
. orG 3 o region (Linear region) Cutoff region
- Now used in specific applications .

 Replaced by MOSFETs and IGBTs

6 Sungkyunkwan Univ., Energy Mechatronics Lab.



% EAl O =2
o =
¢ S0 X oTr
Collector
C
e
"
n T Collector
Ig
Base _ ~ -
' P B
+ + Emitter
n -
e
E
Emitter ——»  Electron flow
—>  Holeflow Darlington configuration
NPN-transistor
Collector '
| : :e
Ic
B 1 v c
P . Collector B
Base Ig +
— n é_K —o—« Base +
+ = Emitter
p :_—+ Upg ver
| B
E -
| L
Emitter ——p  Electron flow
—  Hole flow
PNP-transistor Triple Darlington configuration

Totem-pole circuit
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MOSFET (I)

» Voltage controlled device
 High switching freq. capability

D
Ip lo
G ||<'_— N * Low Vgvolt. and curr. capab.
= U= * Very high impedance between

Ves gate and source
— O
S * Rosion)
) = =1 ° i it I
o :Jko-l.il_ﬁ Eqg. circuit : Resistor
ip
A
Ves=VGs(on) )
ID,max B

ON

<\Switching
OFF

< Datasheet (example)

OFF Ves=0
= Vps

» VDs

aIxXyYs

HiPerFET™

- U BVbss
6 Sungkyunkwan Univ., Energy Mechatronics Lab.

Vv ‘I ‘R

DSS D25 DS(on)
Power MOSFETs IXFK90 N20 200V | 90A | 23mQ
IXFN100ON20 200V | 100A | 23 mQ
IXFN106 N20 200V | 106 A | 20 mQ
N-Channel Enhancement Mode t <200
Avalanche Rated, High dv/dt, Low t, _— ns
TO-264 AA
Symbol Test Conditions Maximum Ratings 0 (IXFK)
IXFK IXFN
90N20 [100N20 108N20 G Z
Voss T, =25°Cto 150°C 200 200 200V #
Voer T, =25°C 10 150°C; R = 1 MQ 200 200 200V S e S
Vs Continuous +20 +20 20V
v, Transient +30 +30 o9y miniBLOC, SOT-227 B (IXFN)
Ll - “ E153432
loas T, =25°C, Chip capability a0®@ 100 106 A ¢ }\
Lo T, =80°C, limited by external leads 76 - A
o T, =25°C, pulse width limited by T, 360 400 | 424A
[ T, =25°C 50 50 A
E.q T, =25°C 30 30 | 30mJ
dv/dt ITs ;I\ggﬂgﬁdész'lgo;;\ms. Voo £ Vies: 5 5 | 5Vins 5= Gate D - Drain
4 = S = Source TAB = Drain
Py T, =25C 500 520 w
Either Source terminal at miniBLOC can be used
Symbol TestConditions Characteristic Values
(T,=25°C, unless otherwise specified)
min. | typ. | max.
Vs Vee =0V, 1= 1mA 200 v
Vi) Ve = Vae ;=8 mMA 2 4 vV
loss Vg =20V, V=0 =200 nA
loss Voo =08V o T,=25°C 400 WA
Vg, =0V T,=125C 2 mA
Rosion Ve =10V, 1,=05+1,
Pulse test, t < 300 ps, IXFKO0MNZ0 0023 O
duty cycled=2 % IXFN100N20 0023 O
IXFN106N20 0020 o




500 skm180a020 3 10.00[] skm180a020_2
\J/ T T T T —TTTT
S ' ——— 1
» Datasheet (example) sl e o i s Eo B
: Ti=26C | [ T,<150 «C osen®
o - Ves=20V 10V 8V : - o
Symbol Test Conditions Characteristic Values 400 -. 7 i Not for
(T,=25°C, unless otherwise specified) Y /// 7v = 100C | linear use ty=10ps L
min. | typ. | max. + et " — =2 &t
i -’7 / .65V 9 -
9. Ve =10V;1,=05+1,,, pulse test 60 S 300 / / / ‘ A T AEYIIRN 100 s
C... ) 9000 PF / A 6V == 100 AR Y M L1
| i o . N H
c,. } Ves TOV,Voe=25V,F=1 Mz 1600 pF - ~// —T | | s 1ms &
ST
C.. ) 590 pF / A L ——T" 55V >
/ A /’"“‘-:-. J R Y \\
tyon 3 30 ns /V L oo 5\} it DC N1 10 ms
t, |> Vs =10V, Vg =052 Ve, 15= 0.5+ I, 80 ns 100 Z i + oS 5 i 1 i
tyem [ Ry=1Q (External), 75 ns i L1 WoAT Ip SF 100 ms ]
t, J 30 ns L—1 av
Qo 3 380 nC 0 : " . 1
Q, b Vo =10V, Ve =05+ Vyee, I =05+ Iy 70 nC 0 Ve & 8 v 10 T Ve 10 100y 1000
di J 190 nC Fig. 3 Output characteristic Fig. 2 Maximum safe operating area
Ric TO-264 AA 025 KW skm180a0z0 5 skmiB0a020 10
Rycx TO-264 AA 0.15 K 16
Ryc miniBLOC, SOT-227 B 024 KW 30 V4
Rick miniBLOC, SOT-227B 0.05 KW Q !
s 12
L~ y
Source-Drain Diode Characteristic Values // |1 10 ,/ //
(T, = 25°C, unless otherwise specified) 20 98 A Vps =40V XA
Symbol TestConditions min. | typ. | max. /.f ] 8 /’ ]
I Ve =0V IXFKO0N20 90 A ] //
IXFN100N20 100 A T L1 6 | , 1]
IXFN106N20 106 A i (B wp Vos =160V ]
IXFK90N20 el 4
Iy Repetitive; IXFN100N20 360 A /
pulse width limited by T, IXFN106N20 424 A Roson) 5 f
Vg, I.=100A V=0V, 15 v Ves |f
Pulse test, t < 300 ps, duty cycled<= 2 % 0 0
t, I 200 ns 0 50 100 150 4] 200 400 600 800
Qe ) 1.=50 A, difdt = 100 Alps, V, = 100 V 3 uC . T % ] Qg o
Lo J 8 A lics La oErrmemmmram—m Fig. 10 Gate charge characteristic




O

- Hz=2PEY QB Co|_E WEH

= Body diode= 3|2 A|7H0] =tins~$us WEZ HM X =&

» 2lHIM O 2 2|20 Shottky diode
= MOSFET?| 2 X{Zgt(on-resistance)

7t

25~27
Mos(on) & BVoss

Mo nf

Of=

Z[CH X

II:_I-

MY BVpss/t 2 57
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IGBT (I)

s ME | » EMTM
. * Voltage controlled device
' .| - ic
ol e » Mid. switching freq. capability R VeE=VaE(ON)
G K + « Mid. Vcvolt. and curr. capab. o
° | Vce
_ * Very high impedance between
| gate and source Vee=0
E ) OFF
VCE(sat) t » VcE
* Eq. circuit : Voltage source OFF 0 _
Ic
QTR E S .
Switching
OFF OFF
0 » VCE

- MOSFET |6 —]i5 - Transistor

> SEHE

> U =g

* BJT2t Z0| On-dropO| 70| ZA|BI0] X1 2%
o GTOQ} Zto| dutsak Mt MX| EM 71

* IGBT (Insulated Gate Bipolar Transistor)
» Transistor@} MOSFET2| ZH ot x50 OHS

\\\\\\



—
HH XS
L/
** Data Sheet (exa m p I E) Characteristics
Symbol Conditions min. typ. max | Units
Absolute Maxi Rati T =25°C unl therwi ified pverse Diole
hsolute Maximum Ratings = unless otherwise specifie _ _ . _ >
4 e ' i Ve=Vee  |lenom= 1804V, =0V Ti= 25°Copinten. o5 | v
Swmbial |Cnnd|t|nns Yalues Lnits Tj: 128 Cchiplev. 1.8 W
IGET Weg Tj= 25°C 1.1 12 W
VCES Tj:ESOC 1200 W Tj:-125 e W
I T = 160°C T oea=25'C 200 A r T,=25°C B 87 | mo
Toaze = 857C 180 A T,=1257C me
e erm=2enam 300 A . e nam = 150 A T=125°C a0 A
Vors ¥ 0 W @, difdt = 1500 Alps g M
— 3 3 — T E V.o o=-15W W = BO0Y 6,6 md
tpgc Wop = BOOW, W, o = 20,V o= 1200V Tj-125 [ 10 Hs Rn GEdl . o et
Inverse Diode th-c)> perciode '
IF T =150°" T =75°" 200 A Freewheeling Diode
i Gase _ — . — - ®
R T n Ve=Ver  |lpnam= 200 MV =0 Ti= 25°C pinten o2 | v
case _ =
T=125"C 4 e 1.8 i
[y lppp= ¥ aon A ! _ P
nom _ Voo T=125°C 171z v
[y tp-1lilms,5|n. Tj-15EI [ 1440 A Tj=125°0 y
Freewheeling Diode e T.=25°C 45 B A [
_ a _ a 1 ! !
e Tj-15E| C Toae=257C 260 A Tj=125°0 W
T . =80°C 180 A = = 5
case IRRM IFnom—EDDA Tj—125 C 120 A
lerm | 'PRM™ Fnom 400 A a, difdt= 2000 Afps 11 ue
[y 1p=1|2|m5;5in. Tj=15E| C 1800 A E, Wog= 0V, Vo= BOOY rnd
Module Rth(_i-c)FD per diode 018 | ki
It(F-:h.ﬂS) 500 A Module
TUJ. 40 +1a0 0128y | PG Loe 15 20 nH
Tstg A0 +1725 o Fovep res., terminal-chip Toaze =25 C 0,35 me
Vo |AC, 1 min. 7500 v Teass =125 °C 0.5 ma
Rth(c}s:| permodule 0,038 Ky
M, to hieat sink WM& 3 ] Mm
- O hd to terminals WM&, b4 24 b Mlm
6 Sungkyunkwan Univ., Energy Mechatronics Lab. - TR




+»» Datasheet

Ic [A] 1502iu.vpa
Absohite Maximum Ratings T.=25 °C, unless atherwise specified 1000 —HH 1 |
H ulse
Symbol |Cnnditiuns Walues Units E;Z 1 T{;p— 25 °C
IGBT Tl -
e : Ti=150°C
Vigs  |Tj=257C 1200 W | i=
IC TJ. =1a0"c TG_ise =25°C 200 A 100 r i T 100us
Tae=85°C 180 A
R lorm™ e nom 300 A :
VGES + 20 W P
bee  |Voo= BO0V Vg T20W Ve <1200V T,=12570 10 us 10 ==
Inverse Diode —
IF Tj=15EI [ Tcase=25 c 200 A 10ms
Tcase:BD e 130 A H
lerm |'Frm= 2 Fnem =00 A 1 I Not for
lean  |1o = 10 ms; sin. T =150"C 1440 A ] 10 100 1000 10000 _
— . - VeE V] linear use
Freewheeling Diode
I T,=150°C Tosse =25°C 260 A Fig. 4 Maximum safe operating area (SOA) Ic = f (VcE)
Tpsee = 80°C 180 A o A O E XA
. oH}0|OjA OHME XISl (RBSOA)
lFRm lern= 2"l nom 400 A i
o 0 ICpuls/iC 1502rso.vpo
lFSM tp=1DmS, gin. Tj=15EI [ 1800 A 2.5
Module
li(RMS) a00 A 2
T“j =40 +180{128) | *C
Tstg -40.+124 C s
Vo |AC,Tmin. 2500 v
Module 1
LCE 14 20 nH
RCC'+EE' res., terminal-chip Tcase =15°C 0,25 me e
T = 1257 0,5 me:
Rthws) per maodule 0,038 [ KW
M, to heat sink M& 3 5 M o
M, to terminals M6, WA 75 5 | Hm ¢ 500 0 et
w 325 ] Fig. 5 Turn-off safe operating area (RBSOA)




IGBT (IV)

Cgc
. i c + IGBT Gate Charge
’ 20 MO200GE" 23.2 2S£
I I o
+» Datasheet Cge Cee v BEE= 7
| lopys = 150A |
= e A 15 1 r 7
* IGBT LHE HIYA|HA ] L =
E s00v.
10 ; -
Characteristics TC= 25°C, unless otherwise specified G C
Symbol Conditions | min.  typ.  max | IInits € ° 5 ':’
IGBT <«— Coes f;’
Vo |Yee™ Yo o= BMA 45 55 B5 W 5 0 1
— — — o
loes Vor = 0V, Vop = Yopg T=25°C 01 03 | mA 1 r
Veen T=35°C 14 156 ¥ Coes= Cge + Ce 5 52
T;=125°C 16 18 W Var ~
Mg Vog =15V T=25C 733 933 | ma G c 10
e 0 400 800 1200 1600
T,=1257C 10 12,86 | ma Qe -
\"IICEI:satj lerom=150A N =15% szocchiplev_ 2.5 3 i Fig. & Tup. gate charge characteristic
Cine 1M 13 nF
Coe  |Yop=28Vgg=0V f=1 MHz 15 2 | nF
C 08 1,2 | nF e _
I ies = Cge+ Coc o JGBT Gate On & Off Ener
Qg Wop = -8V - +20V 1500 ne - _ gy
- &0 shmZ03gal23d 3 80 skm200g271224 £
= T T T T
Fint T=C 23 0 -1 T,=125°C L~
) 220 400 | ns —_ Voo = 600 V md |- Ver = 600 V E. pd
L Raon =008 oo = BOOV 100 200 | ns 50 Fygr=+15V Voe =215V /
E,, I, .= 1504 24 i Re=560 . / 60 [-lo=150A v
t, Roo= 564 T.=125°C 600 800 | ns 40 " o
[off) Goff 0 1 /
f, sp=-15Y 70 100 | ns / i
Eq 17 mJ %0 A 7
E
Ringo  |PETIGET 0,08 | KW / e / Eon L
20 / ——
_—
/ 20 |1
10 / Er 74/
/’ I, L E =
E g S~
0 0
0 l 50 100 150 200 A 250 0 Fs 10 20 30 40 O 50

Sungkyunkwan Univ., Energy Mechatronics Lab.

Fig. 3 Typ. turn-on f-off energy = T(IC) Fig. 4 Typ. turn-on -off energy = (RG)




IGBT (V)

ICu A
o, : E
% Tail current £/4
ICOu
Iepe o . —onos
MOSFET current (electron current) == =90%-«
ICT.J SOS— R
i, N ’.}' BJT current (hole current) : tail current == = 10%o.

to

IGBT Turn-off Waveforms

waveforms for IGBT
edded in a stepdown
converter.

\'%
GIE(th VGG
VGE(t) v

® Current “tailing” (tgp) due to IGBTE MOSFETol turn-off EX

.I
=
A5 stored charge trapped in drift turn-off E kl (=] Ell:_ 7|-x| 9| %

region (base of pnp BJT) by rapid
T turn-off of MOSFET section.
fiz MOSEET
‘ current
t
d(o
BJT

iC(t) \ J {

current
- tfil injecting P* layer at drain.

Tail current 2
Switching £ ZtAA|7| 1 loss S71A|Z

Tail current &k =0|7| 2/o] MOSFET}
EH2| Gate turn-off A] (-) M Ql7}slof &t

Shorten tailing interval by either
reducing carrier lifetime or by

putting Nt buffer layer adjacent to

e Buffer layer acts as a sink for
excess holes otherwise trapped
DD in drift region becasue lifetime in
buffer layer can be made small
without effecting on-state losses -
buffer layer thin compared to drift
region.

t) 3

A\

AN

CE(

Copyright © by John Wiley & Sens 2003 IGBTs - 13
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* AQIH Fit4, HO|E TEWA, 8 S0 12 @

Diode Thyristor Power BJT MOSFET IGBT
g : A A © ©
CZ::\tI:igl’i:y © © © A o
cpabiity | © o © A 0
oo : A A © 0
& | A oa 0 0
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ra
Ju
ra
Ral
OH
10

5 kv

4 kv

3 kY

2kv Current

\}\\‘\\\\

1 kHz
1 kV

10 kHz

Nl i
b S T T

1 MHz

g 500 A 1000 A 1500 A 2000 A 3000 A
Frequency

6 Sungkyunkwan Univ., Energy Mechatronics Lab.



LLLLL

% Operational Amplifier

| >= GIAPELE : APRIQIAH (M B 0| 37| 58)
>+ SEEG : M0l MY () 52

Vref Vearr
Vv /
:

@ ‘ o oo L 1&0
e 1&0
inoonn o 0al

(b) uuuuuu = » Buffer

1) Vref +Vcarr | |

2) Vref _Vcarr (b) 1 H HHHH H > wt
3) Vref +Vcarr ‘ u/duuuu H

4) Vref ><Vcarr

6 Sungkyunkwan Univ., Energy Mechatronics Lab.




% OP-Amp2| A}

84 HIZ} (1948)

40

= Operational Amplifier : C}et £ot8 AHLMS

= Integrated circuit op amps

* Fairchild : 702, 709, 741 (1964 ~ 1968)
* National : 101, 301

small size, low cost, short design time
» Transistor type = FET type
low input current, high input impedance, more fast

= Dual and quad op amp packages

= Application based op amps (Specialization)

6 Sungkyunkwan Univ., Energy Mechatronics Lab.



Fundamental (III)

% OP-Amp2| X

Inverting

input

Output >—O
Noninverting
o——+

: o———+
input

O
-V
(a) Symbol (b) Symbol with dc supply connections
- e .- ¢
8 8 20 :
1 1

DIP DIP SMT SMT

(c) Typical packages. Pin 1 is indicated by a notch or dot on dual-in-line (DIP)
6 and surface-mount technology (SMT) packages, as shown.
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Infinite Voltage Gain
Infinite Bandwidth
Infinite Input Impedance
Zero Output Impedance

Virtually Internal Short

6 Sungkyunkwan Univ., Energy Mechatronics Lab.

Very Large Volt. Gain
Very Large Bandwidth
Very Large Input Z

Very Small Output Z

7|.AI-I:|-F'_I-

O L 1

around 200,000

kHz - MHz order

Very small input current
Very small IO resistance

= OI:} =5 |-x|.o| 7(-| 0| 50|




VYo

Positive saturation

o
O—\
: Ve
o—— V
o - :
-V Nﬂgﬂtl"i’-l'_‘- saturation

(b) Symbol with dc supply connections

1. Positive saturation, v, =V

2.Lmearregion, — V.. <v, = 4v, =V,

3. Negative saturation, v, = V.

Vit

\\\\\\



% OP-AmpQ| ¢zpc

= Single-ended mode: . >_q >_@

= Double-ended mode:

= Common mode:

@f
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Fundamental (VII)

+»» Slew Rate

 SYHTYO| LOfLt EE| HILLES HA

AV
SR:TtO [V /,us]

o= - 3p8 =05V

out

\'HI C +

6 Sungkyunkwan Ur (a) Test Gircuit

SQUARE WAVE SINE WAVE
GREATEST RATE
/DF RISE
INPUTS l

]
t-t ]
1 1 ]
¥ I 1
3 I 1
t I 1
1 1 1
] 1 ]
1 1 1
1 i 1
] i ]

¥ ] !
3 1
I ¥
OUTPUTS i H

| i 1
T

Figure 1-17 Effect of Slew Rate on Qutput

;
=) max

(b) Step input voltage and the resulting output voltage



Fundamental (VIII)

(a) Open-loop

“ U SHo| AEEK|X| S
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Vin

out

(b) Closed-loop
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Op-amp —
. Vout — 1
Total Gain : VO_Ut = Aol "RCs+1
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Fundamental (X)

% Open-Loopl| Fu}l+ E/d

A, (dB)

A Midrange

106

A, (dB)= 20Ioglor\//0ut
100

in

Critical frequency

|
|
|
|
|
80 :
|
: —20 dB/decade roll-off
60 :
|
|
40 l
|
|
' fe=she
20 | ¢ 22RC Unity-gain frequency (f)
|
|
|

N

T T I l » f(Hz)
| 10 100 1k 10k 100k IM
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% Phase delay between Input & Output

Vin
O

-45.0°

—-84.3°
-90°
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% Multi-Stages?| Ful+ E/d

i}

Op-amp

(a) Representation of an op-amp with three internal stages

Al (dB) Al (dB)
A +Ap+AyG
i -20 dB/decade
/ s v itn oy 1
A, e 1 1
1 \\ 1 ]
a7 | 1
T ] \Ih 1 1 —40 dB/decade
1 1 1
I R I i
Al 1 L I I
o ! I | |
! | | |
| I | I
| ! I |
| | | : 60 dB/decade
1 1 1 1
1 I 1 1
1 1 1 1
0 | 1 0 1 1
fer fe2 Jar Je2 Jes
(b) Individual responses (c) Composite response for an uncompensated op-amp
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A ﬁ Open-loop gain
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Fundamental (XIV)

in

out

Amplifier

FB

Feedback Gain

A

Negative Feedback System

(180" 9| 4Kt LA A])
Positive Feedback
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Negative Feedback
(1 &%}F71180° 0[5 & If)

' Unstable

Stable




R
Vo=—5V, or Vo _Re
R v, R
Ry
/\ ; ;
R,
\/ Op-amp ——V,
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Vo
10.00

5.00

Bf 0.00
L -5.00 -
— VW |

-10.00

6.00

- 90 4.00
N 2.00

0.00

-2.00
= -4.00

— -6.00

S2.00 b
@ RE ool
.. 20k 00| |
Ay oo b

@7 R 1 -10.00

i I 5.00 Vin
10k
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+ 300 b
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Time (ms)
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H
Electric Circuit Unit Magnetic Circuit Unit
Driving force EMF (Electromotive Force) (V): 7| ™ & V MMF (Magnetomotive Force): 7| X} & (F) At
Response Current (I): ™s}2Q| 0|5 (M QXI7} =& 0 Flux: 20| EHA S E1t5I=
N A | Xoeuiel 2o steis 2 (9) | Wb
Impedance Resistance (R): M7|XM& (g9 S22 0 Reluctance: X}7|3| 20| A}7| M= (R) }/
distei= &9l 370) Ofl CHBH A47| = & 7|Fsta H
Equivalent circuit I ¢
+ +
| E ) % R R
V=IR
) - €B F = ¢R
Field intensity — > T T
relationship §Ed| =V vV §H dl =1 A
Potential difference
V=IR v F=¢R=NI At
Other relations ] | V El E ¢ _ F _ HI
A AR A(pl ) P A AR A(l/uA)
= 2= H=B/u=1B ;
P XMEE Q-m Ul ExtE H/m
0. MEE 1/(Q2-m) v A7|NErE m/H
Admittance conductance S permeance P=1/R H
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Fo| M2 HAl (Ampere’s Law)

17 = mean path length
~N

mH d|—z Zk:Hklkz%Nmim
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= AMo| SE= HF
" 2FE HAoR AYE
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B=uH
where, B flux density [Wb/m?]or [T]
1> permeability [H/m] > 5 A&
where, 1 = 1y - 4
(1o =47 <10, 1, =500 ~ 3000, iron)

>H

l-— Linear region —4
H

8

 EXHE0|T : XSS FAHA 7= HIE (BXAHE0] 2 H X}
371, B4, h2tolE S2| &xtE
= S|AHB|A|A 2M (B-H or @-1 HE) & E3}

6 Sungkyunkwan Univ., Energy Mechatronics Lab.

Ar

(=2
=

52
h=)
fufot
i
1
30
ojo




—_———

__1.’_::. s ¢, \‘\ ¢ - J-J.A(closed surface) B-dA=0
— ‘-\\ 5 /,' - ie.>d+d+d=0
43 ‘—f’ = {2 (closed loop): 3| M= HEH
: ! = 2LMOLX] %S
» AA 2 magnetic fluxgE tE= A 82

Mean path length [

. 7/ .
O z N . Ni
d 7 \ ~.Magnetic reluctance: ¢ =—
N i ] Cross-sectional R

\ / area A 1

N ! Permeance: P = =

\\-...__..-’
! Ni -
Permeability u 3"';‘; ":é (@.ﬂﬁig L:—/—ﬂ%jl]' Z‘—_:!-% 7H1é)
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X712 2 (V)

% Continuity of Flux Lines

e — —_—

po

1"—-

b

(a)
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Magnetic Circuit Electric Circuit

mmf Ni 1%
Flux ¢ i
reluctance R R

permeability 1/p, where p = resistivity

Magnetic Electrical (dc)
Ni l Ohm's | v R l
—=R=— m’s law: - = R = —
¢ pA i Alp

&> R, = Npi,, Kirchhoff’s voltage law: i >, R, = 2, v,,
k m k m

32¢,=0 Kirchhoff’s current law: >, i, = 0
k




 2{Hjo]e] HX7| 7 =EHE

« 1820 Oersted: M J 7} S 2= £ M0j Qs X}7|7F BHEO{X| = AFA LA

=
- Faraday & Henry: 20| XA S ERACt YiC} 5tH M0 7RIt S=2

o
Rk oY (SEHCE 7H 2 & 313

- 3 L X782 Hetrt Wo|E 7| HY

=N
+ QEE|E 7|M20| 37| R0l 25
cwHy|o SRRy -

6 Sungkyunkwan Univ., Energy Mechatronics Lab.

dt

l ternal ¢,
— iduetoe
dg, B __-_-
1 | - o
i + —_— iti = :—-
:’: N3
- r J e
3 e {\J N &
J :}h e
J P
I ¢ D - [l D ~ =
= ¢;' duetoz

ra

I
ra
A
OH
10



http://www.youtube.com/watch?v=stUDqGzpev8

Lenz’'s Law
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External ¢,
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dt
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http://www.youtube.com/watch?v=WHCwgc_xs3s&feature=related
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Fundamental

CH=010| 2

D H|E| & (2eE o s|laln 2ol o] B = al
A A A A A A

1

Text

~ \

Copy to Clip board MAZH cH&

HHE|

AlZHo]E &2

o

Simview 4!
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Fundamental
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Eile Edit ¥iew Subcircuit
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s Mathematical Operation
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s Trigonometry & Logic Function
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Run SIMVIEW

F&

Alt+F8

Generate Metlist File
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